Using a slave-boson approach, we demonstrate that the differential conductance and quasi-particle interference pattern measured in recent scanning tunneling spectroscopy experiments [A.R. Schmidt et al. Nature 465, 570 (2010); P. Aynajian et al., PNAS 107, 10383 (2010)] in URu2Si2 are consistent with the emergence of a coherent Anderson lattice below the hidden order transition (HOT). Its formation is driven by a significant increase in the quasi-particle lifetime, which could arise from the emergence of a yet unknown order parameter at the HOT.
I. INTRODUCTION
Heavy-fermion materials exhibit a plethora of exciting phenomena 1 which are believed to arise from the competition between Kondo screening 2 and antiferromagnetic ordering 3 . One of the most puzzling phenomena arises in the heavy-fermion compound URu 2 Si 2 which exhibits an onset of Kondo screening around T ≈ 55K 4, 5 , and undergoes a second order phase transition at T 0 = 17.5K [4] [5] [6] into a state with a still unknown, hidden order parameter (HOP). Currently, an intense debate focuses on the nature of this state 5, 7, 8 . Important new insight into this question has recently been provided by groundbreaking scanning tunneling spectroscopy (STS) experiments 9, 10 . Above the hidden order transition (HOT), the differential conductance, dI/dV , exhibits a characteristic Fano lineshape 11 . In contrast, below T 0 , a soft gap opens up in dI/dV 9,10 and a quasi-particle interference (QPI) analysis in Th-doped URu 2 Si 2 reveals a band structure similar to that expected in the (heavy Fermi liquid) phase of a screened Kondo lattice 9 . Whether dI/dV is consistent with the observed QPI pattern and with the emergence of a coherent Kondo (or Anderson) lattice, is therefore an important question whose answer will provide crucial insight into the nature of the state below T 0 .
In this article, we address this question and demonstrate that the experimentally observed dI/dV 9,10 and QPI pattern 9 below the HOT are consistent with the emergence of a coherent Anderson lattice (CAL) and its electronic band structure. In particular, dI/dV exhibits characteristic signatures of the Anderson lattice band structure 10 , such as an asymmetric gap, and a peak inside the gap which arises from the van Hove singularity of the heavy f -electron band. In addition, the temperature evolution of dI/dV 9, 10 suggests that the formation of the CAL below the HOT is primarily driven by a strong increase in the lifetime of the heavy quasi-particles. Since the observed second order phase transition at T 0 is not expected to result from the emergence of the CAL, we suggest that it is the yet unknown hidden order parameter that drives the increased quasiparticle coherence, thus leading to the formation of the CAL below the HOT.
II. THEORETICAL FORMALISM
Our starting point for the description of URu 2 Si 2 is the slave-boson Anderson Hamiltonian [12] [13] [14] [15] [16] . In its conventional form, the slave boson is employed to account for valence fluctuations between unoccupied and singly occupied f -electron sites, resulting in an f -electron occupancy n f < 1. However, as we show below, URu 2 Si 2 exhibits valence fluctuations between singly and doubly occupied f -electron sites which leads to n f > 1. In order to describe this case, we employ the particle-hole transformed slave-boson Anderson Hamiltonian, which is given by
r , b r are slave-boson operators, introduced to account for fluctuations between singly and doubly occupied f -electron sites. Due to the particle-hole transformation discussed above, the constraint describing these fluctuations 12,13 is given by α f † r,α f r,α −b † r b r = 1. Moreover, I r,r ′ is the antiferromagnetic interaction between magnetic moments in the f -band, described by the S = 1/2 spin operator S K r at site r (the origin of I r,r ′ is discussed in Sec. IV). In a path integral approach, one represents S K r via the fermionic operators f † , f 14, 15, 17 ; decouples the magnetic interaction term using a Hubbard-Stratonovich field, χ(r, r ′ , τ ); and enforces the constraint by means of a Lagrange multiplier (ǫ f −E 0 ). In the static (mean-field) approximation (and in the radial gauge 12, 13 ) one replaces b † r , b r by their expectation value b † r = r 0 (r)e iφ(r) and subsumes the phase factor e iφ into a redefinition of the fermionic-operators f † , f . A condensation of the bosonic operators (i.e., r 0 = 0) represents the screening of the magnetic moments. One also replaces the field χ(r, r ′ , τ ) by its static expectation value χ(r, r ′ ) which describes the antiferromagnetic correlations 18 between magnetic moments. Minimizing the effective action, we obtain the following set of self-consistent equations
where n f (r) = 1 + r 2 0 (r) and
The effective hybridization s(r) = V r 0 (r) is a measure for the screening of the magnetic moments. For a translationally invariant system, s(r) = s and χ(r, r ′ ) = χ 0 and χ 1 for nearest and next-nearest-neighbor sites, respectively. This yields a dispersion of the heavy f -band given by
Moreover, in this mean-field approximation, the full Green's functions (γ, ζ = c, f )
describing the hybridization of the c-and f -electron bands are given by
where
and Γ −1 c and Γ
f are the lifetimes of the c-and f -electron states, respectively (the potential origin of Γ f,c will be discussed below). For Γ c = Γ f = 0 + , the poles of the above Green's functions yield two energy bands with dispersion
To compute the differential conductance, dI/dV [19] [20] [21] , measured in STS experiments 9,10 , we define the spinor
f r 0 being the tunneling amplitudes into the c-and felectron bands, respectively, one has
wheret = t c 0 0 t f , and N t is the STS tip's density of states, which is taken to be constant. Finally, in the presence of impurities, dI/dV varies spatially, and the QPI spectrum, S(q, ω), is given by the Fourier transform of dI/dV into q-space. In the Born approximation, we obtain
Here, U c and
0 are the Th-atoms' 9 scattering potential for intraband scattering in the c-and felectron bands, respectively, while
cf r 0 is the scattering potential for interband scattering between the c-and f -electron bands. We will show below that the experimental QPI spectrum provides insight into the relative strength of these scattering potentials. Finally, we note that t
cf are the tunneling amplitude and scattering strengths for the physical f-electron band, respectively 12, 13 .
III. RESULTS BELOW THE HOT
We begin by discussing the STS results of Schmidt et al. 9 obtained on a U-terminated surface of a 1% Thdoped sample. In Fig. 1(a) we present the experimental change in dI/dV below the HOT [T = 1.9K data of Fig. 3(b) in Ref.
9 ] together with a theoretical fit, 9 , along q y = 0 and q y = q x respectively. Figs. 1(e) and (f) show the maxima in |S(q, ω)|, i.e., the QPI dispersion. The very good quantitative agreement between the theoretical and experimental dI/dV lineshapes and QPI dispersions suggests that the STS data reflect the emergence of a coherent Anderson lattice below the HOT, in agreement with the conclusions reached by Schmidt et al. 9 We next discuss the QPI and dI/dV results in more detail. The QPI pattern is determined by scattering of electrons both within and between the E ± k -bands. Intraband scattering [see Fig. 1(b) ] gives rise to the q 1 and q 2 branches in |S(q, ω)| shown in Figs. 1(c) and (d). The main contribution to these branches arises from 2k F -scattering [ Fig. 1(b) ], such that their dispersion is branch has been seen experimentally along q y = 0, where the experimental and theoretical QPI results are in very good agreement, but is absent along q y = q x . The latter discrepancy likely arises from the smaller gap along q y = q x rendering the experimental resolution of the q 1 and q 3 branches difficult. As a result, the experimental q 1 branch around q ≈ 0.5π lies between the theoretical q 1 and q 3 branches [see red arrow in Fig. 1(d) ]. This difficulty in resolving the two branches also explains why the extrapolation of the q 1 dispersion to q = 0 along q y = 0 yields an energy of ω ≈ 1 meV for the upper band edge of E − k which is consistent with the sharp drop in dI/dV at this energy [see arrow (1) in Fig. 1(a) ], while the extrapolation along q y = q x does not. Moreover, the good agreement between the theoretical and experimental QPI dispersions also allows us to identify the peak in dI/dV at ω = −2 meV [see arrow (2) in Fig. 1(a) ] as arising from the van Hove singularity of the f -electron band.
The experimental QPI data 9 also provide insight into the microscopic nature of Th-scattering, since the QPI dispersion, as well as the spectral weight associated with the QPI spectrum |S(q, ω)| sensitively depend on the relative strength of the scattering potentials. To demonstrate this, we present in Fig. 2(a) the QPI spectrum for intraband scattering in the c-band only, i.e., for U f , U cf = 0, U c = 0. This spectrum is similar to that of the unhybridized c-electron band [see Fig. 4 (a)] since its dominant contribution arises from scattering between states where the coherence factors of the c-electrons are large. Conversely, for intraband scattering in the f -band, i.e., for U c , U cf = 0, U f = 0, the QPI spectrum |S(q, ω)| shown in Fig. 2(b) is predominantly determined by scattering between states with large f -electron weight. The spectral weight in |S(q, ω)| in both cases [Figs. 2(a) and (b)] is inconsistent with the experimentally observed QPI weight and dispersion. The latter can only be explained (as shown in Fig. 1 ) by considering intraband scattering both in the c-and f -bands with relative scattering strength U f /U c ≈ 0.6. Finally, for interband scattering between the c and f -bands, i.e., for U f , U c = 0, U cf = 0, the QPI spectrum significantly deviates from the experimental QPI dispersion, as shown in Fig. 2(c) . In particular, interband scattering leads to only two branches in the QPI spectrum, in contrast to the three branches observed experimentally. Moreover, the largest spectral weight in the QPI spectrum for interband scattering occurs where the experimental QPI intensity is close to a minimum [see red arrow in Fig. 2(c) ]. Note in this regard that the existence of a q 3 branch from interband scattering between the E ± k -bands [see Fig. 1(b) ] does not require U cf = 0. These inconsistencies thus strongly suggest that Th-atoms do not lead to interband scattering between the c and f -bands.
We next discuss the STS results by Aynajian et al. 10 , and present in Figs. 3(a) and (b) the experimental dI/dV data obtained on a U-terminated surface of pure URu 2 Si 2 for T = 2K and 4K, respectively [ Fig. 4(b To gain insight into the microscopic origin of the CAL, we note that the changes in dI/dV between T = 2K [ Fig. 3(a) ] and T = 4K [ Fig. 3(b) ] can be solely attributed to an increase in the damping of the f -electron states from Γ f = 0.013t at T = 2K to Γ f = 0.024t at T = 4K, and the concomitant reduction in the magnitude of r 0 , χ 0 [see Fig. 3(d) ], and ε f obtained from the self-consistent solution of Eq.(2) (a more detailed discussion of this procedure is given below). Increasing Γ f even further yields the evolution of dI/dV shown in Fig. 3(c) which possesses the same characteristic signatures as those observed by Aynajian et al. 10 with increasing temperature: the gap in dI/dV is filled in, its magnitude remains approximately constant (until close to the HOT), and the center of the gap shifts to larger energies. We therefore conclude that the formation of a coherent Anderson lattice below the HOT is likely driven by a significant reduction of Γ f with decreasing temperature. In Fig. 3(d) we present the corresponding evolution of r 0 and χ 0 with Γ f [obtained from Eq. (2)] that enters the calculation of dI/dV shown in Fig. 3(c) . While r 0 decreases only by approximately 10% between Γ f = 0.013t and 0.052t, it is the interplay between this decrease in r 0 and the increase in Γ f that leads to the substantial evolution of the dI/dV curves in Fig. 3(c) . With increasing Γ f , r 0 decreases monotonically and vanishes at Γ 0 f = 0.21315t, varying as Fig. 3(d) ].
In Fig. 2(d) , we present the bandstructure, E ± k , resulting from our fits for 1% Th-doped 9 (Figs. 1) and pure URu 2 Si 2 10 (Figs. 3) samples. In the Th-doped sample, the hybridization is smaller while Γ f,c are larger than in the undoped compound. These results are consistent with a suppression of the HOT (and thus s) and an increased decoherence by Th-doping (however, the microscopic origin for the experimentally observed strong suppression of the hybridization by 1% Th-doping is currently unclear). This, together with the similar extracted f -electron densities of n f = 1.59 in the pure and n f = 1.51 in the Th-doped samples, supports the conclusions that both groups probe the same heavy and light bands, and that URu 2 Si 2 represents a coherent Anderson lattice system below the HOT.
We next discuss the parameters extracted from our analysis of the experimental data, as well as the selfconsistent solution of Eq.(2) in more detail. We find that the theoretical fits shown in Figs. 1 and 3(a) for 1% Th-doped 9 and pure URu 2 Si 2 10 , and the parameters (i.e., s, ε f , χ 0,1 , t f /t c , U f /U c , Γ f,c ) extracted from these fits are unique since each theoretical parameter exerts a qualitatively different effect on the dI/dV and QPI spectra, as discussed in Ref. 20 and shown above for U f /U c [we note here that the c-band dispersion, ε k , is uniquely determined by the QPI spectrum above the HOT, see Fig. 4(a) ]. When one considers the evolution of dI/dV with increasing Γ f , as we did in Fig. 3 , the question immediately arises of which parameters remain unaffected by the changing Γ f . In addition to the magnetic interaction I, one might assume that the bare hybridization, V , which is computed via V = s/r 0 and r 0 = n f − 1, where n f is obtained from Eq.(2), as well as E 0 will remain unchanged. However, both V and E 0 are computed using n f , whose uncertainty could be substantial since it is predominantly determined by regions of the BZ where no experimental QPI data are available to test the accuracy of our theoretical fits. In particular, due to the large mass of the f -dispersion, χ k , small changes in band parameters (or further magnetic interactions) could significantly alter n f (and hence V and E 0 ), for example, through the existence of additional Fermi surface pockets 8 . Moreover, the physical mechanism changing Γ f (with increasing temperature) could also affect E 0 due to the its proximity to the Fermi energy. In order to avoid these uncertainties in the self-consistent solution of Eq.(2), we therefore assumed that J 0 (and I) remain un- The above results also provide insight into the origin of the magnetic interaction, I r,r ′ , which can arise from direct exchange 23, 24 or from an RKKY interaction 3, 16, 25 . While our analysis has shown that I r,r ′ between nearestneighbor sites is antiferromagnetic, we find that the RKKY-interaction between nearest neighbor sites (which we computed using the extracted bandstructure) is ferromagnetic. This result suggests that the microscopic origin of the nearest-neighbor I r,r ′ in URu 2 Si 2 lies in direct exchange, and not in an RKKY interaction.
Finally, our good theoretical fits of the experimental STS results in terms of a coherent Anderson lattice suggest that the STS data exhibit no signature (within the accuracy of the theoretical fit) of a hidden order parameter (though it was recently argued that the HOP might be "hidden" in the hybridization 26 ). While the microscopic origin of a finite Γ f,c is presently unclear and might lie in the presence of disorder or the coupling to collective modes, the drastic decrease in Γ f below the HOT could be an indirect signature of the emergence of the hidden order parameter, if the latter were to suppress those fluctuation channels that are the physical origin of a non-zero Γ f .
IV. RESULTS ABOVE THE HOT
We next discuss the dI/dV Fano-lineshape observed above the HOT 9,10 and its relation to the conduction band observed in QPI 9 . The QPI intensity, |S(q, ω)|, for T > T 0 where r 0 = 0, shown in Fig. 4(a) reproduces well the experimental QPI dispersion (black line) of Fig. 5(b) in Ref. 9 . The dI/dV lineshape resulting from this light band does not exhibit the characteristic Fano form (the sharp drop in dI/dV at ω ≈ 40meV signifies the upper band edge of ε k ), implying that the origin of the latter lies in electronic bands not yet seen in QPI. This conclusion is also supported by a theoretical fit of the experimental dI/dV data of Ref. 9 and Ref. 10 above the HOT, shown in Fig. 4(c) . The resulting bands, E ± k , shown in Fig. 2(d) (black lines), are not only significantly different from the ones seen in QPI below the HOT, but also exhibit much larger quasi-particle dampings, Γ f,c , thus representing an incoherent Anderson lattice. As a result, |S(q, ω)|, shown in Fig. 4(d) , exhibits very little q-structure (for fixed ω), thus explaining the difficulty in detecting these bands in QPI. We therefore conclude that an explanation of the STS data above and below the HOT likely requires multiple sets of c-and f -electron bands.
V. CONCLUSIONS
In summary, we have shown that recent STS results 9, 10 are consistent with the presence of a coherent Anderson lattice in URu 2 Si 2 below the HOT, but show no direct signature of the hidden order parameter. We argue that the emergence of the CAL is driven by a drastic increase in the quasi-particle coherence, which could be an indirect signature of the hidden order parameter. Clearly, further studies are required to investigate this possibility.
